Various supplements and unconventional feeds (supplement-type: Acacia tannins, Yucca saponins, extruded linseed, lauric and myristic acid; medicinal-type plant parts: garlic bulbs, hop cones, grape seeds, maca hypocotyls; legumes: lupine seeds and lucerne meal) were screened with the in vitro Hohenheim gas test for their methane mitigating potential in an incubation period of 48 h. The control diet consisted of maize silage and concentrate (0.85:0.15). Replacing 150 g/kg dry matter of the control diet with garlic bulbs (Allium sativum) decreased methane by 50% and the methane-to-total gas ratio by 15 to 17% at 75 and 150 g garlic/kg DM. This was accompanied by a decline in acetate proportion of total short-chain fatty acids. Methane formation tended to be reduced by 15% with a high-tannin extract from Acacia mearnsii (50 g/kg diet). The methane-tototal gas ratio was not significantly affected by the other treatments. Accordingly, garlic turned out most promising for the mitigation of methane without negatively affecting rumen microbial fermentation.
INTRODUCTION
When mitigating methane (CH 4 ) in agriculture, especially from enteric fermentation in the ruminant, nutritional strategies are the primary target in identifying effective strategies (Martin et al., 2010) . In order to be widely accepted, natural dietary ingredients are to be preferred. Such approaches are, however, often limited by a concomitantly impaired microbial nutrient fermentation. Therefore, the search for suitable CH 4 inhibitors is still ongoing, and extensive screenings of promising plants have been undertaken, but this most often when added to grass, grass-silage and hay-based diets (e.g., Garcia-Gonzalez et al., 2008) or highconcentrate diets (Cardozo et al., 2005) . Among the nutrients, lipids have turned out to be most effective in CH 4 mitigation. Beauchemin et al. (2008) calculated from literature a reduction of enteric CH 4 formation of 0.56% per g of lipid supplied per kg diet dry matter (DM). Especially medium-chain fatty acids (MCFA) such as lauric (C 12 ) and myristic (C 14 ) acid (Soliva et al., 2004a) and polyunsaturated fatty acids (PUFA) like linolenic acid (prevalent in linseed; Martin et al., 2008) were shown to be effective, but might also negatively influence feed intake and digestibility. Currently, the search for successful CH 4 mitigating strategies focuses on plant secondary compounds (Garcia-Gonzalez et al., 2008) . Many of the plants rich in these compounds grow best in the tropics. For example, the tannin extract from Acacia mearnsii was shown to significantly decrease CH 4 emission in sheep and cows (Carulla et al., 2005; Grainger et al., 2009) . As proposed by Tavendale et al. (2005) , tannins may have a direct effect on methanogens and an indirect effect on hydrogen production due to a lower level of feed degradation. Some representatives of the group of saponins are classified as potential CH 4 inhibitors as well (Martin et al., 2010) . Their effect is often mediated by their anti-protozoal activity (Pen et al., 2006) . A third group of interesting metabolites is represented by the essential oils which possess antimicrobial properties, and thus are capable to affect ruminal microbes (Martin et al., 2010) . One example with demonstrated in vitro efficacy is garlic oil and its components, an effect probably exerted via an antimicrobial action of one or more of the sulphur containing compounds (e.g., Chaves et al., 2008) . Entire garlic bulbs so far have only been researched with respect to their efficiency in mitigating CH 4 when added to a rice straw-concentrate diet in vitro (Kongmun et al., 2010) .
In the present study it was hypothesised that there is quite a list of plants rich in secondary metabolites which are effective in abating ruminal methane emission. The objective of the present in vitro study was, therefore, to screen a variety of unconventional feeds and natural supplements for their CH 4 mitigating potential together with their effects on ruminal fermentation when added to diet based on maize silage, a major forage in ruminant meat and milk production, and not a grass-or grass-conserve based diet. The Hohenheim gas test was used as method suitable for comparing a large number of samples at the same time. Incubation was performed for 48 h instead of 24 h in order to cover effects on methane production also from slowly fermentable feed ingredients. The focus was put on feeds being rich in secondary compounds but which are not yet well investigated with respect to methanogenesis. These feeds included lucerne meal, garlic bulbs, grape seeds, hop cones, lupine seeds and maca hypocotyls. For comparative purpose, several supplements with already demonstrated efficacy were included as well. All feeds were tested in two different dosages which were either corresponding to levels presumed to be effective from the literature or equivalent to test feeds of a comparable nature.
MATERIAL AND METHODS

Test substances and experimental design
The test feeds were divided into three categories: feed supplements (i.e. supplied at relatively low levels), medicinal-type plant parts (i.e. substances which are in use for health purpose in humans or livestock or both) and selected grain or forage legumes. The supplements were added to a maize silage-based control diet (maize silage : soyabean meal : wheat, 0.85:0.08:0.07) which was incubated in an amount of 200 mg dietary DM. The feed supplements (dosages in g/kg DM) included an extract from a tropical tree bark rich in condensed tannins (25 and 50, Acacia mearnsii; Weibull black, TANAC S.A., Montenegro, Brazil), a saponincontaining extract (0.5 and 2.5; Yucca schidigera; MICRO-AID, Interferm AG, zug, Switzerland), extruded linseed (50 and 100; via ExtruLin ® 50b, Trinova AG, Wangen, Switzerland, consisting of a mixture of extruded linseed and wheat bran (as a carrier for the linseed oil) in a ratio of 1 : 1; equivalent to 25 and 50 g linseed/ kg DM; Linum usitatissimum), myristic acid (50; C 14 ) and a lauric and myristic acid mixture (50; C 12 :C 14 , 1:1; Fluka Chemie GmbH, Buchs, Switzerland). The latter two were supplemented at a level of fat corresponding to twice of that supplied by the higher level of linseed. Different from the supplements, the medicinal-type plant parts and the legumes replaced distinct parts of the basal diet (200 mg). The medicinal-type plant parts (g/kg dietary DM) involved hop (Humulus lupulus) cones (75 and 150), grape (Vitis vinifera) seeds (75 and 150), hypocotyls (below ground storage organs) of the high Andean plant maca (Lepidium meyenii) (75 and 150) and garlic (Allium sativum) bulbs (75 and 150). The legumes comprised lupine (Lupinus albus) seeds (150 and 300) and artificially dried lucerne (Medicago sativa) pellets (150 and 300).
Experimental and technical setup
The Hohenheim syringe-based in vitro gas method by Menke and Steingass (1988) , as described in detail by López et al. (2010) , was used to carry out the short-term screening. Dry or dried feeds were used which all had been ground to pass a 1-mm sieve. Briefly, ruminal fluid was collected before morning feeding from a ruminally cannulated, lactating Brown Swiss cow fed hay ad libitum and concentrate (0.5 kg/d). The cow was kept according to the Swiss guidelines of animal welfare. Ruminal fluid was filtered through four layers of medicinal gauze (type 17 MedPro, Novamed AG, Flawil, Switzerland) with a pore size of 1 mm to remove feed particles. All diets were incubated in six consecutive experimental runs (n=6 per treatment) in 30 ml incubation liquid consisting of a mixture of filtered ruminal fluid and buffer solution 1:3; v/v; 35 g/l of NaHCO 3 and 4 g/l of (NH 4 HCO 3 ). Incubations at 39°C lasted for 48 h. No syringes with blanks were incubated because results of total fermentation gas were reported as a difference to the not supplemented basal diet. At the end, total fermentation gas volume was determined from the calibrated scale printed on the incubation syringes. In fermentation gas, CH 4 concentration was determined by gas chromatography (Hewlett Packard, model 5890 series II, Avondale, PA, USA). The gas samples had been obtained through a septum covering a second outlet of the Hohenheim syringes. Incubation liquid pH and ammonia concentration were determined using the respective electrodes connected to a potentiometer (model 713, Metrom, Herisau, Switzerland). For the analysis of the short chain fatty acids (SCFA), the samples were prepared following the method of Doane et al. (1998) . Samples were then analysed using HPLC (LaChrom, L-7000 series, Hitachi Ltd., Tokyo, Japan) following Ehrlich et al. (1981) .
The feed contents of DM, organic matter (OM) and N (C/N-Analyser, Typ FP-2000, Leco Instrumente GmbH, Kirchheim, Germany) were analysed following standard procedures (Naumann and Bassler, 1997) . Crude protein (CP) was calculated as 6.25 × N. Ash free neutral detergent fibre (NDF) was analysed according to the protocol of Naumann and Bassler (1997) using α-amylase (Termamyl 120L, Type S, Novo Nodirsk A/S, Bagsvaerd, Denmark). Gross energy (GE) was determined applying bomb calorimetry (Calorimeter C7000, IKAWerke GmbH & Co. KG, Staufen, Germany). Ether extract (EE) was analysed using a Soxhlet extractor (Büchi Extraktionssystem B-811, Flawil, Switzerland). Contents of total phenols (TP) and total tannins (TT) were measured according to the Folin-Ciocalteu method (Makkar, 2003) where polyvinyl-polypyrrolidone is used to separate tannin phenols from non-tannin phenols. Different from the protocol of Makkar (2003) , samples were initially boiled in aqueous acetone solution for 10 min to ensure that phenolic compounds were dissolved from the STAERFL S.M. ET AL. plant materials (Seigler et al., 1986) . The results were given as equivalents of the tannic acid standard.
Calculations and statistical analysis
In vitro organic matter digestibility (IVOMD, %) was calculated as:
14.88 + 0.8893 × total gas (ml) + 0.0448 × CP (g/kg DM) + 0.0651 × ash (g/kg DM)
following Menke and Steingass (1988) . Data was statistically analysed using the MIXED procedure of SAS 9.1 (SAS Institute Inc. Cary, NC). Model 1 included treatment and run as effects and was carried out separately across all treatments of each subgroup (supplements, medicinal-type plants, legumes) and the control. The experimental dosage regime allowed applying a second model for the medicinal plant parts and the legumes which considered, besides treatment and run, also the effect of the dosage and the interaction of the treatment × dosage. Model 2 did not include the control treatment. Treatment means were compared with the control and considered significant at P<0.05.
RESULTS
The chemical composition of the test substances and the diets is shown in Table 1 .
Supplementation of the basal diet with various substances mostly did not result in significant differences from control in either total fermentation gas and CH 4 production or the CH 4 -to-fermentation gas ratio (Table 2 ). Fermentation gas and CH 4 production, incubation liquid ammonia, and total SCFA concentration, in vitro organic matter digestibility (IVOMD), and CH 4 -to-GE-ratio were affected by treatment (P<0.05) and were particularly low with the higher level of CT though not significantly different from control. Incubation liquid pH and SCFA profiles were not affected (P>0.1) by any of the supplements.
Out of the diets containing medicinal-type plant parts in exchange of part of the control diet, garlic turned out to be most effective in affecting ruminal fermentation compared to the control (Table 3 ; control data displayed in Table  2 ). Especially the higher dosage of garlic decreased (P<0.05) the absolute level of CH 4 , the ratios of CH 4 -to-total gas, CH 4 -to-GE and CH 4 -to-SCFA as well as the acetate proportion of total SCFA compared to the control, while butyrate (and propionate) proportions were increased. The acetate-to-propionate ratio was low with garlic as well, but this was not significantly different from the control. Across all treatments there were clear (P<0.05) dosage effects in CH 4 -related variables and Table 2; 2 SEM -standard error of mean,. n=6; 3 in vitro organic matter digestibility; * means are different from control using Tukey`s method (P<0.05) the proportions of the major SCFA which, however, mainly resulted from shifts taking place with garlic and less to those taking place with the other medicinal-type plant parts. The latter gets obvious from the significant feed × dosage interactions found for some variables. Fermentation gas production, incubation liquid pH and ammonia, IVOMD and total SCFA were not affected (P>0.1) by any of the medicinal plant parts. In the group of the legumes selected, the higher level of lupine seeds resulted in a more intensive (P<0.05) fermentation, manifested in higher fermentation gas and CH 4 production, incubation liquid ammonia, IVOMD and CH 4 -to-GE ratio compared to control (Table 4) . Although the CH 4 -to-total gas ratio remained unaffected by the legumes tested, the CH 4 -to-SCFA ratio was elevated with the higher level of lupine seeds as well. The higher dosage of lucerne meal increased acetate proportion of total SCFA. The legumes did not affect (P>0.1) incubation liquid pH. Effects (P<0.05) of dosage were rare. There were interactions between feed and dosage (P<0.05) in fermentation gas and CH 4 volume resulting from the response to dosage with lupine seeds and the absence of such clear responses with lucerne meal.
DISCUSSION
Supplements. In the present study, where a maize-silage based diet had been used, none of the supplemented substances clearly decreased in vitro CH 4 formation or affected the fermentation products compared to the non-supplemented diet. A maize-silage diet is expected to have a rather low methanogenic potential per se (Beauchemin et al., 2008) . Still there were trends indicating a lower total CH 4 formation of the tannins and a mixture of C 12 and C 14 . This illustrates that with other dosages, or in the longer term, CH 4 mitigation might be possible also in such a diet type. The possibly active compounds represented by the supplements included condensed tannins (CT), sarsaponin, one form of saponin, and fatty acids. Modes of action could be direct effects on methanogens (demonstrated especially for medium-chain fatty acids (MCFA); Soliva et al., 2004a,b) , antiprotozoal effects (known to be exerted by saponins, MCFA and PUFA; Soliva et al., 2004b; Pen et al., 2006) or inhibiting organic matter (especially fibre) digestion followed by a lower H 2 supply to the methanogens (Tavendale et al., 2005 ; known for CT, MCFA, PUFA). Experimental evidence for efficacy of acacia tannins was given by Carulla et al. (2005) feeding sheep grass-hay or grass-legume hay based diets and Grainger et al. (2009) in grazing dairy cows. Even at the higher dosage, supplementation of tannins did not significantly reduce CH 4 production in the current study. Yucca schidigera sarsaponin proved to be effective only with very high dosages in vitro (Pen et al., 2006; up to 40 g/kg DM) . But it was ineffective in vivo in the study by Sliwiński et al. (2002) where rather low dosages had been supplemented (≤0.1 g/kg DM). This is consistent with results from the present experiment. Martin et al. (2008) found a decreased CH 4 emission in cows fed 150 g extruded linseed/kg DM to dairy cows. This could not be observed with any of the dosages (25 and 50 g/kg DM) here. Various studies have shown that MCFA can be effective CH 4 inhibitors and that there is an even higher efficiency of C 12 and C 14 mixtures (Soliva et al., 2004a,b) . However, the use of a forage-based diet might explain the low efficiency of the MCFA found in the present study (Machmüller et al., 2003) .
Medicinal-type plant parts. Out of the four medicinal-type plant parts screened, only garlic bulbs showed a clear CH 4 mitigating effect compared to the control both in absolute terms and when related to total fermentation gas and SCFA (both indirect measures for the metabolizable energy content of the diet). Similar effects were also found in some other in vitro studies when supplementing garlic extracts (e.g., Cardozo et al., 2005; Chaves et al., 2008) and ground garlic bulbs (Kongmun et al., 2010) . Chaves et al. (2008) added 100 and 250 mg/l of garlic oil to mixed ruminal microbes which decreased CH 4 formation by about 70%. The mode of action is not yet known. It might be based on an activity against fibre degradation as is suggested by the SCFA profile (lower acetate-propionateratio). Like in the present study, Cardozo et al. (2005) found a decrease in acetate proportion with garlic oil at unchanged propionate proportions but this was associated with a decrease in total SCFA concentration. According to Morvan et al. (1996) hydrogen could also be utilized to reduce sulphate to sulphides, which might be relevant as garlic is rich in sulphur containing compounds. Different from the present findings, the propionate proportion was decreased with an garlic extract at an unchanged acetate proportion in the study of Chaves et al. (2008) .
Grape seed effects on ruminal methanogenesis are unknown. Spanghero et al. (2009) examined, besides others, the chemical composition and rumen fermentability of grape seeds in vitro. Compared with the other medicinal-type plant parts, grape seeds are characterized by high levels of total phenols and total tannins (Spanghero et al., 2009 ; present data) which might result in antimethanogenic effects. This was not the case in the present study and, despite the low feeding value, the grape seeds did not depress gas production and IVOMD although total SCFA concentration was rather low. Hop cones are feeds rich in specific plant secondary metabolites especially α-acids like humulones and β-acids such as lupulones. Particularly the β-acids are known to have an antimicrobial effect (Wang et al., 2010) . Nevertheless, in vitro ruminal fermentation (e.g., increased gas production and VFA) was affected by hop addition in the study of Wang et al. (2010) . However, in the present study, hop cones neither affected fermentative activity nor incubation liquid ammonia nor CH 4 formation.
Legumes. Legumes are characterized by different concentrations and types of tannins (cf. also the CT extract from Acacia mearnsii) and saponins (Waghorn et al., 2002) , i.e. plant secondary metabolites which are potentially effective against methane formation. However, the results suggest that either concentrations were too low in the two feeds tested (likely for the lupine seeds) or they contained only ineffective compounds. Accordingly, lucerne meal remained neutral in gas production and fermentation variables and lupine seeds even promoted methanogenesis in relation to the energy content of the diet as the increase per unit of SCFA shows. It is nevertheless likely that this was a side-effect of a generally improved fermentation when supplementing the maize-silage dominated basal diet with a protein supplement like the lupine seeds. It was still unexpected that no increase in SCFA was found which had been reported by Rémond et al. (2003) when feeding about 200 g lupine seeds/kg DM to sheep.
The present screening with the Hohenheim Gas Test method had some limitations as well. For demonstrative purpose, rather high dosages of the tested substances had been chosen. These might be not fully feasible for practical purpose, but still the results indicated supplements worthwhile to be investigated in more detail. As the supplements were added at different proportions, the effect of the basal diet was also varied which might have limited the accuracy of treatment-caused changes for instance in the methane-to-SCFA-ratio. Finally, incubating diets for 48 h instead of 24 h, performed to be able to fully consider also slowly degradable supplements, in turn might have led to a certain degradation of microbial cells before the end of incubation because the level of fermentable substrates was getting low.
CONCLUSIONS
The results of the present in vitro screening confirmed that garlic is highly effective in mitigating CH 4 in vitro, also when added to a maize-silage based diet. The unexpectedly low efficiency of treatments found to be effective in other studies, especially tannin extract, linseed and the medium-chain fatty acids, could be due to the relatively low CH 4 -generating potential of this diet type (not apparent from the CH 4 -to-gross energy ratio which was rather high) compared to grass-, grass-silage or hay-based diets. This emphasises the importance to test promising feeds and supplements under various feeding conditions. Among the feeds lesswell researched in terms of antimethanogenic properties, hop cones, grape seeds, maca hypocotyls and lucerne meal were found less promising than garlic, and lupine seeds even promoted CH 4 . Garlic has to be tested in vivo in order to confirm its favourable effect and to determine any negative side-effects for instance on palatability of the feed and on off-flavours of animal source products. Practical issues such as limitations in current availability for animal nutrition and costefficiency of some of the tested substances have to be taken in consideration as well, but political demands for mitigation measures and economy-of-scale effects at high demand may rapidly change this situation.
